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ABSTRACT 

 Resistive as well as e-beam evaporation methods are used for deposition of thin films. 
Samples were prepared under different conditions of substrate, reaction temperature and 
oxygen flow rate. Flow of oxygen is varied in order to observe variation in iron oxide 
phases i.e. Maghemite (γ-Fe2O3), Hematite (α-Fe2O3), and Magnetite (Fe3O4). At oxygen 
flow of 10 sccm and temperature of 300oC, Fe3O4 along with the less intense phase of γ-
Fe2O3 are observed. Ferrimagnetic behavior with magnetization of 1.45 emu is also 
observed. Complete transformation into Fe3O4 was observed after magnetic field (MF) 
annealing. Strong ferrimagnetic M-H curves show increased value of Ms ~ 4.49 emu after 
MF annealing. It is also noticed through all the structural and magnetic results that a 
reaction temperature of 350oC played a critical role in iron oxide formation. Reaction 
temperature of 250oC was observed to be the transitional temperature between the as-
prepared and finally annealed structure. Thickness of 123 nm is observed for the samples 
prepared by electron beam evaporation technique, whereas granular films are observed in 
case of resistive evaporation. For oxygen flow of 10 sccm, the diameter of grains is 50 nm 
and for 15 sccm the diameter observed is 100nm. The variation in grain size affects the 
structure as well as magnetic properties of these iron oxide thin films. Pure ferrimagnetic to 
ferromagnetic behavior is observed when the diameter changes from 50 to 100 nm. 
Electrical properties were also measured which show high resistance for 25 sccm and low 
resistance for 10 sccm. Verwey transition at ~ 125K was observed for iron oxide thin films 
prepared under 10 sccm O2 flow rate.   

1. INTRODUCTION 

 Iron oxide, being a half metal and exhibiting ferromagnetic to anti-ferromagnetic 
properties with change in iron and oxygen content, is a potential candidate for use in the 
magnetic tunnel junctions. New challenges and opportunities in miniaturized electronic and 
spintronic devices have materialized the world over the last two decades. This has led to a 
new and exciting branch of nanoelectronics where striving to scale down the electronic 
devices to much smaller dimensions is a potential target. This struggle has opened new 
path in the form of spintronics, which exploits the phenomenon of electron spin in addition 
to its charge. For device functionality the phenomena like spin scattering and tunneling 



  

through thin films at practical temperatures has resulted in rapid development in storage 
and memory devices. The recent interest in MRAMs (Magnetic RAM) stems from the 
development of thin film magnetic structures with high magnetoresistance MR, which leads 
to multilayered metallic structures (Riaz 2012). 
 Based on their distinct magnetic and electrical properties, different phases of iron oxide 
are being used in the study of high density magnetic storage devices. The three 
stiochiometric forms of iron oxide are magnetite (Fe3O4), hematite (α-Fe2O3) and 
maghemite (γ-Fe2O3). Magnetite is a half metallic material with wide range of applications 
in formation of MTJs (Li 1998). Hematite is an antiferromagnetic and maghemite is a 
ferrimagnetic material. Maghemite and hematite have been reported to be used in the 
formation of MTJs as insulating layers (Li 2011). 
 The crystal structure of the three stoichiometric iron oxide phases can be described as 
close packed planes of oxygen anions with iron cations in octahedral or tetrahedral 
interstitial sites. In hematite, oxygen ions are in hexagonal close-packed arrangement and 
Fe3+ ions occupy octahedral positions. In maghemite and magnetite, the oxygen ions are in 
cubic closed packed arrangement. Magnetite has inverse spinel structure with Fe3+ ions 
arranged randomly at octahedral and tetrahedral sites and Fe2+ ions at octahedral sites. 
Maghemite has spinel structure very similar to magnetite, with two third sites filled with Fe3+ 
ions and the other two followed by one vacant site (Teja 2009).   
 Different phases of iron oxide have been deposited by chemical vapor deposition (Takei 
1966), molecular beam epitaxy (Gao 1997, Voogt 1999, Yanaihara 2006, Hasegawa 2007, 
Yanagihara 2007), metal organic deposition (Manago 2010), reactive sputtering (Li 2011) 
and reactive evaporation (Furubayashi 2004).  
 This research work is dedicated to optimize the preparation conditions of FeOx thin films 
for their application as an electrode and spacer layer in MTJs and spin valve structures. 
Iron oxide thin films are evaporated onto Si and glass substrates. Iron oxide thin films are 
prepared by using resistive evaporation of iron and ex-situ oxidation in the presence of 
oxygen in the case of thermal evaporation. The optimization of iron oxide films is carried 
out by the variation of O2 flow rate from 5 sccm to 20 sccm. These samples are then further 
annealed at different temperatures to obtain good structural and magnetic properties.  

2. EXPERIMENTAL DETAILS 

 Pure iron (99.99%) is evaporated in 306 Edward coating unit and the film is deposited 
on silicon substrate. The Fe films were stored in desiccators to prevent ambient oxidation 
of iron. These iron thin film samples were then oxidized at different oxygen flow rates at 
150oC in a tube furnace for 1 hour. Structural characterization was done by XRD (Rigaku 
D-MAX IIA Diffractometer) and SEM (Hitachi S-3400N) and magnetic properties were 
studied by VSM (Lake Shore 7407 Magnetometer). The resistivity measurements were 
taken by four probe method.  Further heat treatment was done to stabilize and improve 
structural and magnetic properties of the films.  



  

3. RESULTS AND DISCUSSION 

3.1. Oxidation of Fe Thin Films in O2 flow rate of 5sccm  
 Fig. 1 reveals the XRD patterns of iron thin films oxidized at 5sccm O2 flow rate at 
150oC for 1 hour. Thin films formed at 5sccm O2 flow rate show poor structural and 
magnetic properties. This could be due to incomplete oxidation of iron or due to formation 
of small traces of non-stoichiometric phases of iron oxide (Peng 2003). The XRD patterns 
show that at 350oC the film has good crystalline structure and maghemite is the dominant 
phase. XRD pattern alone is not enough to distinguish between magnetite and maghemite 
phases but the extra peaks at 40o, 46o, 56o etc show that the phase is maghemite (JCPDS 
card no. 39-1346). The magnetization curve in Fig. 2 shows the variation of saturation 
magnetization with respect to annealing. By increasing the annealing temperature the 
saturation magnetization decreases which might be due to incomplete oxidation for the 
formation of stoichiometric Fe3O4. 

 

 

Fig. 1 XRD pattern of iron oxide thin films prepared at 5sccm O2 flow rate (a) as-deposited 
and annealed at (b) 250oC, (c) 350oC and (d) 450oC 



  

 

Fig. 2 Magnetization curves of iron oxide film prepared at 5sccm O2 and annealed at 
different temperatures 

3.2. Oxidation of Fe Thin Films in O2 flow rate of 10sccm 
Iron thin films oxidized at 10sccm O2 flow rate have mixed iron oxide phases but the 

XRD pattern in Fig. 3a reveals that the film crystallinity improves at annealing temperature 
of 350oC after which the film loses its crystallinity and becomes unstable. The same loss of 
thermal stability of film is also observed in 5sccm film which is also evident in M-H plots of 
the films prepared at 5sccm. Fig. 3b shows the XRD pattern of film oxidized at 10sccm flow. 
For the samples prepared at 10sccm annealing was done both in vacuum and in air.  The 
peak at 66o in the as-deposited sample indicates the presence of hematite phase; the 
annealing in vacuum might have led to the deficiency of oxygen in the film and the peak at 
66o disappears at 300oC. This leads to an improvement in the magnetization curve of the 
film as shown in Fig. 4b. A comparison of annealing in air and vacuum is also done by 
Mauvernay (2007), who showed the presence of hematite phase in iron oxide film when 
annealed in air at 400oC. The dramatic increase in the saturation magnetization of films 
annealed in vacuum could be linked to decrease in the hematite phase of the film. 



  

 

Fig. 3 XRD patterns of films oxidized at 10 sccm O2 flow (a) as-deposited and annealed at 
(b) 250oC, (c) 350oC and (d) 450oC 



  

 

Fig. 4a Magnetization curve of iron oxide film annealed at different temperatures 



  

 

Fig. 4b Magnetization curve of iron oxide films oxidized at 10 sccm O2 and MF annealed in 
vacuum 

3.3. Oxidation of Fe Thin Films in O2 flow rate of 15sccm 
The XRD patterns of films oxidized at 15sccm O2 flow rate (Fig. 5) reveal the mixed 

phases of iron oxide with maghemite as the dominant phase at lower temperatures. The 
oxidation in the presence of air leads to growth of hematite phase at 450oC accompanied 
by increase in the crystallinity but maghemite phase does not completely transform at this 
temperature to hematite. Fig. 6 shows the magnetization of iron oxide thin films with the 
change in annealing temperature. The maximum magnetization is observed at 350oC.   



  

 

Fig. 5 XRD patterns of films oxidized at 15sccm O2 flow (a) as-deposited and annealed at 
(b) 250oC, (c) 350oC and (d) 450oC 



  

 

Fig. 6 Magnetization of 15sccm films annealed at different temperatures 

3.4. Oxidation of Fe Thin Films in O2 flow rate of 20sccm  
The XRD patterns of films oxidized at 20sccm O2 flow rate, shown in Fig. 7, reveal that 

as deposited film has mixed phases of maghemite and hematite; up to 350oC maghemite is 
the dominant phase which is also supported by the magnetization curves in Fig. 8. The 
emergence of hematite peak at 33o for the film annealed at 450oC is accompanied by a 
decrease in the saturation magnetization of these films. 



  

 

 

Fig. 7 XRD patterns of films oxidized at 20 sccm O2 flow (a) as-deposited and annealed at 
(b) 250oC, (c) 350oC and (d) 450oC 



  

 

Fig. 8 Magnetization curves of 20sccm iron oxide film and annealing at higher 
temperatures 

 Comparison of magnetic moments of iron oxide annealed thin films, Fig. 9 and Fig. 10, 
reveal that with increasing the oxygen flow rate to 10sccm magnetization increases, and 
decrease of saturation magnetization, upon further increasing the oxygen flow rate, 
corresponds to mixed iron oxide phases as also observed in the XRD. Highest saturation 
magnetization is observed for films with oxygen flow rate of 10sccm and annealed at 350oC. 



  

 

Fig. 9 Comparison of saturation magnetization of films oxidized at different flow rates and 
annealed at 350oC 



  

 

Fig. 10 Variation in saturation magnetization at various temperature under O2 flow rate of 
(a) 5sccm, (b) 10sccm, (c) 15sccm and (d) 20sccm 

 After making a comparison between the structural and magnetic properties of all the 
films oxidized at different flow rates it was noticed that all the films are polycrystalline and 
have mixed phases. The formation of mixed phases could be attributed to the enthalpy of 
formation of oxides on Si substrate as is reported by Jain et al (Jain 2004). Best crystallinity 
and maximum saturation magnetization is obtained for films oxidized at 10sccm O2 flow 
rate. Below this flow rate (at 5sccm) the film obtained does not have ferrimagnetic behavior 
and the saturation magnetization is also low which could be due to possibility of traces of 
non-stoichiometric phases of iron oxide with anitferromagnetic behavior (Peng 2003). 
When the films, obtained at 10sccm flow rate, were annealed in vacuum and in the 
presence of magnetic field, the hematite phase was removed and a high saturation 
magnetization was obtained. The ferrimagnetic magnetization behavior of our films is 
superior to the ones reported by Jain et al (Jain 2004). Films oxidized at higher flow rates 
(15sccm, 20sccm) showed less saturation magnetization and partial transformation from 
maghemite to hematite phase was observed, as has also been reported previously (Ilievski 
2003, Tepper 2002, Ren 2008). It was also observed that the maghemite phase was most 
stable at 350oC. This observation is also supported by the magnetization curves which give 
maximum saturation at this temperature (Fig. 10). Hence, for applications in magnetic 



  

storage devices, the optimal film is obtained at 10sccm with ferrimagnetc characteristics 
and high saturation magnetization and stability.  
 The behavior of resistance with respect to O2 flow rate is shown in Fig. 11. It was 
observed that the thin films prepared under O2 flow rate of 10sccm have shown relatively 
low resistance at room temperature. This low resistance might be due to the dominant 
phases of Fe3O4 at 10sccm O2 flow rate along with the half metallic nature of magnetite. 
Low temperature measurements, carried out for 10 sccm, have shown a Verway transition 
(Tv) at around ~ 125 K as reported in our paper (Riaz 2012). 
 

 

Fig. 11 Variation in resistance at 350oC under O2 flow rate of 5 – 20sccm 

CONCLUSION 

 The thermal evaporation of iron and oxidation in the presence of oxygen results in 
mixed phases of iron oxide thin films having polycrystalline structure also reported by 
Manago et al (2010) and Ilievski et al (2003). Iron thin films oxidized at 10sccm O2 flow rate 
resulted in maghemite phase. The magnetic properties of these films are superior to the 
films grown at higher flow rates. Thin films depict ferrimagnetic behavior and micrographs 
reveal the granular nature of the films. Annealing in vacuum, in the presence of magnetic 
field, resulted in better magnetization as compared with that of annealing in air. The 



  

ferrimagnetic and electrical properties of these films make them a candidate for 
applications in spintronics.  
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